We propose spin valves where a 2D non-magnetic conductor is intercalated between two ferromagnetic insulating layers. In this setup, the relative orientation of the magnetizations of the insulating layers can have a strong impact on the in-plane conductivity of the 2D conductor. We first show this for a graphene bilayer, described with a tight-binding model, placed between two ferromagnetic insulators. In the anti-parallel configuration, a band gap opens at the Dirac point, whereas in the parallel configuration, the graphene bilayer remains conducting. We then compute the electronic structure of graphene bilayer placed between two monolayers of the ferromagnetic insulator CrI3, using density functional theory. Consistent with the model, we find that a gap opens at the Dirac point only in the antiparallel configuration.
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The controlled fabrication of layered structures combining ferromagnetic conductors and non magnetic materials, thin enough as to preserve spin polarization, made possible the discovery of fundamental spin dependent transport phenomena, such as Giant Magnetoresistance [1, 2] and tunnel Magnetoresistance [3, 4] . These developments led to the concept of spin valve, a structure whose conductivity is modulated by the relative orientation of two ferromagnetic electrodes [5] and, altogether, set the foundations of spintronics.
The study of the so called Van der Waals heterostructures [6, 7] , metamaterials obtained by vertical stacking of 2D crystals, is a very fertile area of research. Using relatively simple fabrication methods, they allow the study of structures with tailored electronic properties that combine a variety of 2D materials, including insulators (h-BN), semiconductors (MoS 2 ), conductors (graphene) and superconductors (NbSe 2 ). The recent discovery of 2D crystals with magnetic order [8] [9] [10] [11] adds both ferromagnetic and antiferromagnetic insulators to this list. For instance, Van der Waals devices incorporating atomically thin layers of the ferromagnetic insulator CrI 3 , have being reported [12] [13] [14] [15] [16] [17] . These findings pave the way to Van der Waals spintronics with new types of spin dependent transport phenomena.
Here we propose a new class of spin valve that takes advantage of the spin proximity effect, i.e., the spin polarization of the surface electrons of a non-magnetic material adjacent to a ferromagnet. The proposed system, depicted in Figure 1 , consists of a 2D conducting crystal sandwiched between two insulating ferromagnetic layers. If the magnetizations of the two proximity layers are antiparallel (AF), the spin proximity effects have opposite sign at both sides of the 2D crystal. In contrast, for the * On leave from Departamento de Física Aplicada, Universidad de Alicante, Spain parallel state (FM), the top and bottom proximity effects add up. As we show below, this difference has a strong influence in the in-plane conductance of the non-magnetic conductor, and in some instances leads to a conductor to insulator transition in the 2D crystal. This strong influence of spin proximity effect in a 2D crystals contrast with the case of 3D materials, for proximity effects are constrained to their surface.
Our proposal is different from lateral graphene spin valves [18, 19] , where large areas of the graphene are not in contact with ferromagnetic electrodes, and is also different from spin-filter tunnel junctions, where the magnetic insulators act as barrier materials for vertical transport [12] [13] [14] 20] . The proposed spin valve resembles the early current in plane structures where giant magnetoresistance was discovered [1, 2] , with the obvious difference that the magnetic layers are insulating in the Van der Waals spin valves. ductor is a graphene bilayer. We use the standard tightbinding model for the graphene bilayer [21] . Spin proximity effect is considered [22] by including a spin dependent potential ∆ whose sign can be different in the top and bottom graphene layers. Previous density functional theory (DFT) calculations for monolayer graphene deposited on different ferromagnetic insulators, such as EuO [23, 24] , EuS [24] , YIG [24] , justify this model. We assume that the magnetization of both top and bottom layers lie on the same axis. We also assume that the bottom magnetization does not change, resulting in fixed spin-dependent potential σ∆, where σ is the spin projection along the magnetization axis. The top layer spin dependent potential is given by ησ∆, where η = ±1 describes the magnetization orientation of the top magnetic layer, relative to the bottom layer. Thus, η = +1 describes the parallel (FM) orientation and η = −1 the antiparallel (AF) case.
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Represented in the basis A 1 , B 1 , A 2 , B 2 , where A and B correspond to the two triangular sublattices, and the subindices 1 and 2 label the top and bottom layers, respectively, the Bloch Hamiltonian for spin σ states reads:
where
and γ describe the intralayer and interlayer hopping matrix elements, respectively. The resulting spin resolved energy bands, in the neighbourhood of the Dirac point, are shown in fig. 2 for the two states of the spin valve, η = ±1. For the FM alignment (η = +1), the graphene bilayer presents spinsplit bands, and remains in a conducting state,i.e., with a finite density of states at the Fermi energy. In contrast, for the AF case (η = −1), a band-gap opens up at the Dirac point. Thus, depending on the relative alignment of the top and bottom insulating ferromagnets, the graphene bilayer spin valve can be either a conductor, for the FM alignment, or a gapped system with depleted conductance, when the Fermi energy is set at the Dirac point. Within this model, both the band-gap in the AF alignment and the spin splitting in the FM alignment are given by ∆.
We now address the origin of the gap opening in graphene bilayer AF alignment of the VdW spin valve. For each spin channel, the Hamiltonian (1) in the AF alignment is identical to the model of graphene bilayer with an off-plane electric field, that is known to open up a gap in the band structure [25, 26] . Interestingly, in the spin-valve, the sign of the effective electric field is opposite for opposite spins, E eff ∝ σ∆. The spin projection of the AF bands over top and bottom layers, shown in Fig. 2 , clearly shows the presence of a spin dipole [27] : for a given spin, there is a charge imbalance driven by the exchange with the magnetic layers, that is compensated exactly by the opposite spin.
In a graphene bilayer, the gap opened by an electric field is known to have a valley dependent Chern number C = Ksgn(E), where K = ±1 labels the valleys [28, 29] . In the case of the spin valve in the AF state, this leads to Chern numbers that are both spin and valley dependent:
Eq. (2) permits to anticipate [28, 29] the emergence of spin-locked chiral one dimensional in gap states in domain walls separating two antiferromagnetic domains with opposite magnetizations (see Fig 3) . In order to verify this, we compute the momentum resolved density of states of a domain wall along the zigzag direction as ilustrated in fig. 3 . The domain wall is assumed to be abrupt, preserving spin collinearity. The calculation is done for a system with translational invariance along the wall direction, and embedded between two semi-infinite gapped graphene bilayer planes, using a Green function technique [30] . Both domains are insulating, but at each valley the Chern number is opposite for a given spin direction. Thus, a domain wall along the zigzag direction, that preserves the valley, features two chiral 1D in-gap states per valley and per spin (see fig. 3 ). It is interesting to note that, for a given valley, the states are spin chiral and therefore back-scattering requires either spin-mixing, or inter-valley scattering. A non collinear domain wall might result in spin mixing.
We now consider a possible physical realization of the Van der Waals spin valve, based on a graphene bilayer, that is feasible within the experimental state of the art. For that matter, we choose CrI 3 monolayers as the insulating ferromagnet. It was recently shown that CrI 3 monolayers remain ferromagnetic up to 45K [11] . In addition CrI 3 preserves its magnetic properties even when deposited on graphite [11] or encapsulated between graphite electrodes [12] [13] [14] . Moreover, the spin proximity effect between CrI 3 and two dimensional WSe 2 has been demonstrated experimentally [31] . The DFT calculations were performed using Quantum ESPRESSO [32] with PBE exchange-correlation potential [33] and PAW pseudopotentials [34, 35] and including van der Waals interactions within the semiempirical method of Grimme (DFT-D2) [36] . Spin orbit interactions, known to be important to determine the magnetic anisotropy of CrI 3 [37] , are not included in the calculation, as they are not expected to induce qualitative change in the spin proximity effect discussed here.
We now discuss our results both for monolayer CrI3 /monolayer graphene as well as graphene bilayer in between two monolayers of CrI 3 . The former permits to rationalize the results of the bilayer. For the bilayer, we use a unit cell with 4 layers, CrI 3 /graphene bilayer/CrI 3 , and two different geometries: 1) a free standing multilayer and 2) a superlattice with periodic boundary conditions along the off-plane direction. In the case of the superlattice with periodic boundary conditions, we considered the lattice parameter of graphene for the plane and varied the c lattice parameter in order to optimize the interlayer distance by minimizing the total energy. For the free standing multilayer, we used a lattice parameter along z that ensures the absence of interaction between the replicas of the system. In all cases the unit cell contains a 3×3 supercell with 18 carbon atoms per graphene layer, 2 chromium and 6 iodine atoms per CrI 3 layer. Thus, for the sandwiched graphene bilayer, the unit cell has a total of 52 atoms. The calculations show that the spin of Cr atoms is S = 3/2, that are hosted by the t 2g bands. We first discuss the results for the monolayer graphene on top of CrI 3 , shown in (3)(a). Our results are in line with previous DFT calculations for this system [38] . With the exception of some anti-crossings, the energy bands are an overlay of those of the decoupled monolayers, as expected in a Van der Waals structure. Occupied bands, way below the Fermi energy E F , are made of iodine p states and the spin majority t 2g states of Cr. Empty bands, high above E F , are made of spin minority t 2g states of Cr. In the 2 eV window around the Fermi energy, the bands are those of the graphene Dirac cones and the spin majority e g states. These four bands (coming from 2 Cr atoms in the unit cell) are narrow, lie almost completely above the Fermi energy, and hybdridize with the graphene Dirac cones in the majority spin channel close to the Dirac point. In contrast, the minority spin Dirac cone remains intact (see cartoon in (4)(b). Therefore, for one spin channel the Dirac electrons barely notice the presence of the CrI 3 , for the other spin channel, there is a strong hybdrization with a narrow band.
The bands structure of the CrI 3 /graphene bilayer/CrI 3 are shown in figure (3) , both for the FM (left) and AF (right) configurations. Both of them show the graphene bilayer bands and the e g bands. For the FM case, the shape of the graphene bilayer bands is preserved in one spin channel (the minority spin), but a strong hybridization opens up a gap in the majority spin channel, slightly above the Fermi energy, which lies below the Dirac point. For the AF configuration, both spin channels of the graphene bilayer become hybdridized with the narrow e g bands of CrI 3 . So, from that point of view alone, we expect that the in-plane conductance is much larger in the FM alignment than the AF one.
We now turn our attention to the states around the Dirac energy, where the conduction and valence parabolic bands of freestanding graphene bilayer meet. For the AF configuration, a band-gap splits the electron and hole parabolic of graphene bilayer (see inset of Fig. (4d) ), with a gap of 7 meV . For the FM configuration, there is a spin splitting of the bands near the Dirac point, whose magnitude is, interestingly, the same, than the AF gap. So, in that regard, the DFT results for the bilayer graphene placed between two CrI 3 layers are in line with the toy model. However, there is electron transfer from graphene to CrI 3 , so that the Fermi energy does not lie at the Dirac point. It must be noticed that, even if there is charge transfer, we expect a very small in-plane conductance in the CrI 3 , on account of the very small dispersion of the occupied states.
Thus, our DFT calculations strongly suggest that a graphene bilayer encapsulated between two layers of CrI 3 will present a strong spin-valve effect, with the FM alignment having a larger in-plane conductance, on account of the fact that bands in one spin-channel are decoupled from the non-dispersive CrI 3 bands, in contrast with the AF, where both spin channels are hybdridized. Interestingly, the same mechanism should also apply for the graphene monolayer. In addition, for the graphene bilayer, application of a gate voltage could set the Fermi energy at the Dirac point, resulting in a conductor to insulator transition driven by the alignment of the magnetizations.
The control of the relative orientation of the magnetization of the layers could be done by application of a magnetic field, provided that two conditions are met. First, the interlayer coupling should be smaller than the Zeeman coupling. Interlayer coupling of CrI 3 bilayers, without graphene in the middle, meets this demand. The presence of the graphene bilayer should significantly reduce the interlayer coupling. Accordingly, our DFT calculations yield J < 10µeV per unit cell. Second, the switching field of top and bottom layers should be different. A very natural way to achieve that is to pin the magnetization of the bottom layer. This could be done, for instance, using a bilayer of CrI 3 for which antiferromagnetic interlayer coupling has been reported [11, 12, [15] [16] [17] The concept of Van der Waals spin valve goes beyond the case of the graphene bilayer. For instance, the tunable spin proximity effect can drive a metal insulator transition in a graphene monolayer in the Quantum Hall regime. At half filling, high quality graphene quantum Hall bars are often insulating. Application of a strong in-plane magnetic field can induce a Quantum Hall ferromagnet that has a finite edge conductance [30, 39] . In a spin valve, such transition could be promoted by spin proximity effect, rather than Zeeman interaction. Another possibility are Van der Waals spin valves with a superconducting middle layer, such as NbSe 2 . In the FM state, spin proximity effect can kill superconductivity, that would only survive in the AF state. Such a transition has been observed in superconducting thin films sandwiched between bulk ferromagnetic insulators [40] . The concept of Van der Waals spin valve can be extended to the control of optical properties. For instance, spin proximity might control whether dark or bright excitons of the middle layer are the ground state of the 2D semiconductor.
In conclusion, we have proposed a new type of spin valve where a non-magnetic 2D crystal is sandwiched between two ferromagnetic insulators and its in-plane conductance is controlled by spin proximity effect. We hope that our work will motivate the experimental exploration of Van der Waals current in plane spin valves, including the of other materials in the non-magnetic layers, such as superconductors, as well as other magnetic layers, such as bulk ferrromagnets, for which the spin valve effect proposed here should also work.
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